Abstract. The crystal chemistry of armenite, ideally BaCa 2 Al 6 Si 9 O 30 Á 2 H 2 O, from Wasenalp, Valais, Switzerland was studied. Armenite typically forms in relatively low-temperature hydrothermal veins and fissures and has small pores containing Ca cations and H 2 O molecules as extra-framework species. Single-crystal neutron and X-ray diffraction measurements were made on armenite from the above locality for the first time. IR powder spectroscopic measurements were made from room temperature (RT) down to 10 K. 1 H and 29 Si NMR measurements were made at RT. Attention was given to investigating the behavior of the extra-framework species and hydrogen bonding. The diffraction results show new features not observed before in published diffraction studies on armenite crystals from other localities. The neutron results also give the first static description of the protons, allowing bond distances and angles relating to the H 2 O molecules and Hbonds to be determined. The diffraction results indicate Al/Si order in the framework. Four crystallographically independent Ca and H 2 O molecule sites were refined, whereby both sites appear to have partial occupancies such that locally a Ca atom can have only a single H 2 O molecule bonded to it through an ion-dipole interaction. The Ca cation is further bonded to six O atoms of the framework forming a quasi cluster around it. The IR spectrum of armenite is characterized in the OH-stretching region at RT by two broad bands at roughly 3470 Si MAS NMR spectra show four resonances at À81.9, À83.2, À94.9 and À101.8 ppm that are assigned to crystallographically different Si sites in an ordered structure, although their relative intensities deviate somewhat from those predicted for complete Al/Si order. The 1 H MAS spectra contain a single main resonance near 5.3 ppm and a smaller one near 2.7 ppm, which can be assigned to H 2 O molecules bonded to Ca and a second H 2 O type located in a partially occupied site, respectively. Bonding for the extra-framework "Ca-oxygen-anion-H 2 O-molecule quasi-clusters" and also the nature of H-bonding in the microporous zeolites scolecite, wairakite and epistilbite are analyzed. The average OH stretching wavenumbers shown by the IR spectra of armenite and scolecite are, for example, not far removed from that observed in liquid H 2 O, but greater than that of ice. What remains poorly understood in microporous silicates is how the ion-dipole interaction in quasi clusters affects H-bonding strength between the H 2 O molecules and the aluminosilicate framework.
Introduction
There are a large number of hydrous microporous minerals having extra-framework H 2 O molecules and cations. The bulk of the research on them has concentrated on the crystal structure and crystal chemistry of their frameworks as given by the diffraction experiment (Ferraris and Merlino, 2005; Armbruster and Gunter, 2001) . Less research has been directed towards investigating the extra-framework species themselves (i.e., often alkali and alkaline earth cations and H 2 O molecules). In a number of smallpore aluminosilicates the oxygen atom of the water molecule bonds to an extra-framework cation through an iondipole interaction, while the hydrogen atoms of the mole-cule interact with the framework though hydrogen bonding and sometimes with each other when a larger number of H 2 O molecules is present. The extra-framework cation is further bonded to oxygen atoms of the aluminosilicate framework. Thus, through this arrangement, a variety of weak bonds come into play. Little is understood about the chemical and physical behavior of these extra-framework species and the delicate balance of forces that hold them in place. In this regard, there are similarities between true Ca--H 2 O clusters in solution and Ca-oxygen-anion-H 2 Omolecule quasi-clusters occurring in microporous silicates that crystallize in low-temperature hydrothermal processes. This aspect has geochemical relevance, but has not been investigated in an extensive way.
Armenite is a microporous silicate, ideally BaCa 2 Al 6 Si 9 O 30 Á 2 H 2 O, which is typically found in relatively low temperature hydrothermal veins and fissures. It was first described from the Armen mine in Kongsberg, Norway (Neumann, 1941) . It has since been reported from other localities worldwide (e.g., Pouliot et al., 1984; Mason, 1987; Semenenko et al., 1987; Zak and Obst, 1989; Balassone et al., 1989; Senn, 1990; Fortey et al., 1991) . It is a double-ring silicate belonging to the milarite group of minerals (Hawthorne et al., 1991) . Its structural properties were investigated by Armbruster and Czank (1992) and Armbruster (1999) . They used X-ray singlecrystal diffraction, TEM methods and IR and 29 Si NMR spectroscopy to describe armenite crystals from various localities. They noted several crystal-chemical complexities including various degrees of Al/Si order-disorder in the framework and slight H 2 O disorder in the pores. However, they could not locate the H atoms of the H 2 O molecules and, thus, a full description governing the interactions of the extra-framework Ca cations and H 2 Omolecules is lacking. Furthermore, a room-temperature single-crystal IR spectrum (Armbruster, 1999) , obtained on armenite from Wasenalp, Switzerland, showed OH bands, but their assignment was difficult to reconcile with the X-ray based structure. Geiger et al. (2010) observed the presence of OH modes, apparently different in wavenumber than those of Armbruster (1999) , using IR powder spectroscopy, but they could not be assigned and fully analyzed because of the lack of mode resolution at room temperature and because the H Á Á Á O bond lengths were not known. The nature of H bonding in armenite is poorly understood. In terms of thermodynamic properties, Geiger et al. (2010) studied the low-temperature heat capacity behavior of armenite and that of its occluded H 2 O molecules between 0 and 300 K. They concluded that the H 2 O molecules were more ice-like than liquid-water-like in terms of macroscopic heat-capacity behavior and that the role of H bonding is important in affecting the thermodynamics.
In this investigation, we focus our study on armenite from Wasenalp using single-crystal neutron and X-ray diffraction done at 298 K, IR spectroscopic measurements made from RT down to 10 K and 1 H and 29 Si NMR measurements at RT. Key questions to be addressed include the behavior of the extra-framework species and the nature of hydrogen bonding in armenite and also in other natural microporous silicates as well.
Sample and Experimental Methods

Sample
The armenite sample selected for study is from Wasenalp, Valais, Switzerland (Senn 1990) . It was previously studied by Armbruster and Czank (1992) , Armbruster (1999) and Geiger et al. (2010) . These works provide the starting point for this investigation and various chemical and physical properties of the sample are described therein.
Single-crystal neutron and X-ray diffraction measurements
The single crystal used for the neutron diffraction experiment had an irregular tetrahedral shape with approximate dimensions 3.0 Â 2.5 Â 1.75 mm. The measurements were made at room temperature on the diffractometer D15 at the Institut Laue-Langevin, Grenoble, in a beam of wavelength 1.1734(6) Å , as obtained by reflection from a Cu (331) monochromator. For this experiment, D15 was operated in four-circle mode with an offset Eulerian cradle and an efficient single 3 He detector. After indexing and determination of the crystal orientation from the angles that put the centroids of 18 higher-angle reflections in the center of the detector aperture, most reflections of the type þh þk þl to 0.63 Å À1 in sin q/l, plus a few equivalent reflections, were scanned. Weak reflections violating C centering were observed. Background corrections following the one-dimensional minimum sðIÞ=I algorithm of Lehmann and Larsen (1974) and Lorentz corrections were applied to all data. Absorption corrections were made by Gaussian integration (Coppens et al., 1965) , using the calculated attenuation coefficient m = 0.02538 mm
À1
, to give a transmission range of 0.950-0.970. Initial structural refinements with SHELX-97 (Sheldrick, 1997) showed that extinction could be accounted for by the Larson-like correction (Larson, 1970) implemented in SHELX-97. Owing to a lack of sufficiently strong reflections at large 2q for this modeling process, only data to 2q max ¼ 70 were accepted. Averaging of the 2431 reflections scanned over symmetryequivalent reflections in the Laue group mmm gave 1252 unique reflections with an internal agreement index of R int ¼ 0.0161 (Table 1) . Other aspects describing the data collection and structure refinement are listed in Table 1. A crystal with approximate dimensions 0.32 Â 0.21 Â 0.16 mm was used for the X-ray diffraction experiment. Under a polarizing microscope, the crystal appeared free of defects, twinning or zoning. X-ray intensity data were collected at room temperature using an Xcalibur-Oxford Diffraction diffractometer equipped with a CCD detector and with a monochromatized beam from a MoK a -radiation source, operating at 50 kV and 40 mA. The detector-crystal distance was fixed at 80 mm. A series of w scans were used to collect a complete set of data (i.e. AEh, AEk, AEl) to a 2q max ¼ 73 , with a fixed exposure time of 20 s per frame and 1 scan width. The diffraction patterns confirm a metrically orthorhombic lattice. Lorentz-polarization and analytical absorption corrections by Gaussian integration based upon the physical description of the crystal (CrysAlis, Oxford Diffraction, 2010) were performed. Further details pertaining to the data collections are provided in Table 1 .
IR powder spectroscopy
Transmission IR powder measurements were made using a Bruker FT-IFS66 spectrometer equipped with a MCT detector. Spectra were optimized for the wavenumber region between 4000 and 1500 cm À1 . IR sample mounts were made using about 1 mg of armenite that was ground and intimately mixed with 338.5 mg of KBr and pressed under vacuum to a transparent pellet of 13.0 mm diameter. The low-temperature spectra were recorded using a cold-fingertype He closed-cycle cryostat attached to the spectrometer. The precision on the temperature control is about þ=À 1 K. Spectra were collected at various temperatures from 300 K down to 10 K. A total of 32 scans was recorded at a resolution of 2 cm À1 and merged for the final spectrum.
NMR spectroscopy
NMR spectra were obtained on a powdered sample using a Varian Unity-Inova 400 MHz (9.4 T) spectrometer and a Varian 1.6 mm T3 MAS NMR probe at a resonance frequency of 400.4 and 79. Si, respectively. All NMR measurements were made at room temperature. The sample was cooled with a VT (roomtemperature) gas flow at a flow rate of $50 liters/min during MAS experiments to reduce frictional heating from sample spinning. The sample temperature rise from frictional heating is estimated to be about 6 and 13 C, respectively, at a spinning rate of 20 and 30 kHz, according to the calibration curve of Guan and Stark (2010) for a similar probe. The 1 H static (non-spinning) and magic-angle spinning (MAS) NMR spectra were obtained with the DEPTH sequence that consists of three back-to-back pulses (p/2-p-p) with a phase cycle of 16 (Cory and Ritchey, 1988) , which effectively suppressed the background signal to a negligible level. A small dead time of $4 ms, corresponding to four complex data points in the time-domain FID spectrum, was corrected with linear prediction.
In order to ascertain the spatial relation between different 1 H MAS NMR peaks, two-dimensional (2D) rotor-synchronized 1 H NOESY MAS NMR spectra, which correlate proton sites that exhibit spin diffusion via dipolar couplings and/or chemical exchange, were acquired at a spin-A neutron/X-Ray diffraction, IR, and 1 H/ 29 Si NMR spectroscopic investigation of armenite 413 
ning rate of 20 kHz. This was done using the standard three-pulse (p/2-t 1 -p/2-t mix -p/2-acquire) sequence, similar to that described by Xue et al. (2008) . The Sates-Haberkorn-Ruben hypercomplex method was used to achieve quadrature detection in t 1 .
29
Si single-pulse MAS NMR spectra were acquired with a p/4 pulse (1 ms length) and several recycle delays between 60 s and 480 s at a spinning rate of 20 kHz in order to evaluate the quantitativity of the spectra.
1 H-
Si cross-polarization (CP)-MAS NMR spectra were acquired with a ramped power for the 1 H channel with a RF field range of about 8 kHz and contact times of 8 and 20 ms at a spinning rate of 20 kHz. Spin temperature inversion was incorporated in the phase cycle to eliminate direct polarization. Sufficient numbers of data points in FID (!0.02 s) were acquired and no decoupling was applied during acquisition for both types of experiments.
Results
3.1 Single-crystal neutron and X-ray diffraction data and structure refinement
The neutron-based structure refinement was performed using SHELX-97 (Sheldrick, 1997) starting with the atomic coordinates given in Armbruster (1999) in the space group Pnc2 without considering the H 2 O molecule in the first cycles. The neutron scattering lengths of Ba, Ca, Al, Si, O and H, according to Sears (1986) , were assumed. The secondary isotropic extinction effect was corrected according to Larson's formalism (1970) . In order to reduce the number of refined parameters, the structure refinement was carried out with isotropic displacement factors (Table 2a) . When convergence was achieved, intense negative and positive residual peaks of nuclear density, ascribable to the H 2 O molecules, were located in the final difference Fourier map. Further refinement cycles were then performed assigning H to the negative residual peaks, as hydrogen has a negative neutron scattering length, and O to the positive ones. This led to a significant improvement in the agreement factors. In the structure refinement the figure of merit suggested the presence of four independent and mutually exclusive Ca sites, rather than two independent sites modeled with large displacement parameters. However, we cannot exclude the possibility of dynamic disorder between the Ca sites. Convergence was then achieved rapidly. An inspection of the variance-covariance matrix showed no significant correlation among the refined parameters. At the end of the refinement procedure, no peak larger than AE1.6 fm/Å 3 was observed in the final difference-Fourier map ( Table 1 ). The final agreement index (R 1 ) was 0.0755 for 176 refined parameters and 628 unique reflections with F o > 4s(F o ) ( Table 1 ). Atom positional and displacement parameters are reported in Table 2a . Relevant bond lengths and angles are listed in Tables 3  and 4 .
The X-ray structure refinement was also performed using SHELX-97 software, starting from the structure model obtained from the neutron-based structure refinement. Neutral atomic scattering factors for Ba, Ca, Al, Si and O were taken from the International Tables for Crystallography (Wilson and Prince, 1999) . H atoms were not considered. The structure refinement was carried out with isotropic displacement factors and only the Ba site was modeled anisotropically (Table 2b) . Convergence was rapidly achieved after a few least-squares cycles of refinement and the variance-covariance matrix did not show any significant correlation between the refined parameters. At the end of refinement, the residual electron density in the difference-Fourier maps was between AE1.2 e À /Å 3 , with an agreement factor R 1 ¼ 0.036 for 3469 unique reflections with F o > 4s(F o ) and 198 refined parameters (Table 1) . Atom positional and displacement parameters are reported in Table 2b . Relevant bond lengths and angles are listed in Tables 3 and 4 . Table 2a . Atomic positions and thermal displacement parameters for armenite based on the neutron structure refinement.
Site
Occup.
48 ( (7) 1 H/ 29 Si NMR spectroscopic investigation of armenite 415 * Not refined in the last cycles of refinements to avoid correlation problems. Note: The CC site was modeled as being occupied by H 2 O. The U iso of all the tetrahedral sites and the oxygen sites were restrained to one group value, respectively. Further restraints: 
IR powder spectroscopy
The IR spectra show various modes in the O--H stretching region that lie between 3700 and 3200 cm À1 and H 2 O bending vibrations between 1700 and 1600 cm À1 (Fig. 1) .
At 293 K two broad bands, having structure, are observed at approximately 3465 and 3400 cm À1 (Table 5 ). There is better mode resolution with decreasing temperature and four intense OH stretching bands at 3479, 3454, 3401 and 3384 cm À1 are observed at 10 K. There is one H 2 O bend- ing mode at room temperature at 1654 cm À1 and two are observable at 1650 and 1606 cm À1 at lower temperatures. There are also weaker features that manifest themselves in the spectra and they become more pronounced at lower temperatures. The wavenumber of the various bands at 293 K and 10 K are given in Table 5 .
1 H and 29 Si NMR spectroscopy
The 1 H static, non-spinning NMR spectra for a powered armenite sample, acquired using the DEPTH sequence with a longer (50 s, fully relaxed, see below) and shorter (1 s) recycle delay time, as well as the difference between the two, are shown in Fig. 2 . The main component attributable to armenite exhibits a "Pake doublet" powder pattern, as represented by the difference spectrum in Fig. 2c . There is also a small, narrower component near the center at $4.8 ppm with a shorter 1 H spin-lattice relaxation time (T 1 ), which is more prominent in spectra with shorter recycle delays. It most likely represents more mobile, liquidlike water adsorbed on outer crystallite surfaces. Figure 3 shows the 1 H MAS spectrum acquired at 30 kHz spinning rate and a recycle delay of 50 s ($5 * T 1 , see below). It contains a strong peak near 5.3 ppm with a full width at half maximum (FWHM) of 1.1 ppm and a smaller peak near 2.7 ppm with a FWHM ¼ 0.36 ppm for the central band, and a set of spinning sidebands located outside the plotted range. 1 H MAS spectra were also obtained at lower spinning rates (not shown) and they show somewhat broader peak widths. The 1 H spin-lattice relaxation time constants, T 1 , were found to be $10 s for both peaks from measurement with the saturation-recovery method. The relative intensity, including the central and spinning sidebands, of the smaller peak near 2.7 ppm is estimated to be 6.0(0.3)% from the fully relaxed MAS spectra obtained with a recycle delay of 50 s.
In order to ascertain whether the smaller peak near 2.7 ppm also belongs to armenite, or is due to a minor impurity phase, a series of 2D NOESY spectra were also obtained a spinning rate of 20 kHz and mixing times (t mix ) of 2 ms to 1 s. Figure 4 shows the results acquired with a mixing time of 100 ms and 1 s respectively. In addition to the two diagonal peaks at 5.3 and 2.7 ppm, cross peaks between the two frequencies are clearly visible. Weak cross peaks are also observed for shorter mixing times of 2 ms to 10 ms, with the cross peak/diagonal peak intensity ratio increasing with mixing time from 2 ms to 1 s (not shown). The observation of cross peaks suggests dipolar interactions and/or proton exchange between the two sites. Either possibility would indicate that both peaks belong to the same phase. Figure 5 shows a 29 Si MAS NMR spectrum acquired with a p/4 pulse and a recycle delay of 240 s and a 1 H- 29 Si CPMAS NMR spectrum acquired with a contact time of 20 ms, both with a spinning rate of 20 kHz. For the 1 H- 29 Si CPMAS NMR spectrum, four peaks at À81.9, A neutron/X-Ray diffraction, IR, and 1 H/ 29 Si NMR spectroscopic investigation of armenite 419 1 H static NMR spectra of powdered polycrystalline armenite sample obtained using the DEPTH sequence with a recycle delay time of 1 s (a) and 50 s (b). 128 and 400 transients were averaged, respectively. The difference spectrum between the two is shown in (c). All spectra have been plotted with the same intensity scale. No line broadening function has been applied. À83.2, À94.9 and À101.8 ppm with FWHMs of 0.74, 0.77, 1.61 and 1.53 ppm, respectively, are present. The absolute intensities for all peaks increase with increasing contact time up to 20 ms, whereas the relative intensities show more subtle changes, with somewhat higher intensities for the peaks near À81.9, À83.2 and À101.8 ppm relative to that at À94.9 ppm with longer contact times (not shown). 29 Si MAS NMR spectra acquired with a p/4 pulse and a recycle delay of 60 s to 240 s also contain four peaks, though with poorer signal/noise ratios. The absolute intensities for all peaks increase continuously with a recycle delay of 60 s to 240 s, and are similar for recycle delays of 240 s and 480 s. The relative intensities of all peaks are the same for delay times between 60 s and 480 s (not shown), confirming the quantitative nature of the spectra. The relative integrated intensities for the three groups of peaks (À81.9 and À83.2 ppm together, À94.9 ppm, and À101.8 ppm) in the quantitative 29 Si MAS NMR spectra are 9(1)%, 61(1)% and 30(1)%, respectively. The two peaks near À81.9 and À83.2 ppm have similar intensities.
Discussion
Crystal Chemistry of Armenite and the Extra Framework Species
Belonging to the milarite group of silicates, armenite contains six-membered double rings of corner-sharing T d -type (d stands for double ring) SiO 4 and AlO 4 tetrahedra (Armbruster 1999) . These double rings are stacked upon one another parallel to [001] and form infinite one-dimensional channels (Fig. 6) . The rings are cross-linked together in the (001) plane by T c -type (c stands for connecting) tetrahedra. These two topologically different tetrahedra types build the aluminosilicate framework of armenite in which two different channelways, both parallel to [001] , are present (Fig. 6 ). In the ring-related channelway, Ba cations are located above and below the double rings. A second type of channelway, with a trigonal cross section perpendicular to the [001] , is also present. It is bounded by T d and T c tetrahedra and in it Ca atoms and H 2 O molecules are located. There also appears to be a H 2 O molecule "CC" site, with low partial occupancy, located in the middle of the double rings. Armbruster and Czank (1992) and Armbruster (1999) showed that the Ca cation bonds to six framework oxygen atoms. They described two crystallographically independent H 2 O molecules, located at the B site of the milarite group, which alternate with Ca cations along [001] , whereby one of them can bond to a Ca cation giving rise to an irregular CaO 7 polyhedron. Slight spatial disorder of the H 2 O molecules at their crystallographic positions was proposed. It was suggested that some Ca cations could, thus, be locally six-and/or eight-fold coordinated. Armbruster (1999) noted that because the O14 and O11 atoms of the framework are slightly underbonded they are likely acceptors of hydrogen bonds from the W1 (his notation) H 2 O molecule. In terms of the second H 2 O molecule, W2, O16 and O13 probably act as H-bond acceptors. It was proposed that Al/Si-ordering and the H 2 O distribution are responsible for the deviation from hexagonal symmetry in armenite (Armbruster, 1999) giving Pnc2 symmetry for a crystal from Rémigny, Quebec, Canada. The neutron and X-ray structure study, herein, provides the first single-crystal diffraction results on armenite from Wasenalp, and gives space group Pnc2. As noted by Armbruster (1999) , the final structure is close to being Ccentered, but refinement in a primitive lattice was superior to that with a C-centered lattice, as shown by better agreement factors and lower residuals. The neutron data indicate complete Al/Si ordering. Other armenite samples can have varying degrees of Al/Si order (Armbruster and Czank, 1992; Armbruster, 1999) . For armenite from Wasenalp, the Si--O bond distances obtained by the neutron structure refinement range between 1.61 and 1.65 Å and the Al--O distances between 1.70 and 1.72 Å (Table 3) . Barium is 12-fold coordinated by framework O atoms (Table 4) .
The diffraction results herein, compared to the X-ray model results of Armbruster (1999) , reveal some new and different features concerning the extra-framework species. Four crystallographically independent Ca and four H 2 O molecules sites (i.e. Ca1, Ca2, Ca3 and Ca4; OW1, OW2, OW3 and OW4) were found (Fig. 7) . All Ca and H 2 O sites appear to have partial occupancies, such that locally a Ca atom can have only a single H 2 O molecule bonded to it (Fig. 8 -Tables 2a, b and 4) . Thus, each Ca cation is bonded in a CaO 7 coordination polyhedron, with four different possible local configurations as listed in Table 4 and shown in Figures 7 and 8 .
For a rigorous geometrical description of the various H 2 O molecules and their H-bonding lengths and angles, which would involve "riding motion" corrections, a refinement of the neutron data using anisotropic thermal displacement parameters would be necessary. However, the large number of atomic parameters permitted only a refinement with isotropic displacement parameters, which give, at least, a reliable location of the proton sites. The O--H bond distances for the four crystallography independent H 2 O molecules, obtained by the neutron structure refinement, are the same within error, namely $0.98 Å ( Table 4) . The H--O--H angles range between 100(4) and 109(4) ( Table 4) . They fall in the range of observed H--O--H angles reported for a number of H 2 O-containing phases (Chiari and Ferraris, 1982; Steiner, 1998 and references therein, Gatta et al., 2008; Della Ventura et al., 2009) . Each H 2 O molecule has two different hydrogen bonds with framework oxygen atoms with lengths between 1.924 and 2.037 Å . The various OH Á Á Á O bonds are given by OW1--H11 Á Á Á O12 and OW1--H21 Á Á Á O11, OW2--H12 Á Á Á O13 and OW2--H22 Á Á Á O15, OW3--H13 Á Á Á O11 and OW3--H23 Á Á Á O14, and OW4--H14 Á Á Á O15 and OW4--H24 Á Á Á O16 (Fig. 8 - Table 4 of Armbruster (1999) . However, the low site occupancy did not allow the location of the protons.
29 Si NMR spectroscopy and Al/Si distribution
Armbruster (1999) reported 29 Si MAS NMR spectra for armenite samples from both Wasenalp, Switzerland and from Rémigny, Canada. Both armenites show three peaks at À82.5, À95.0 and À101.6 ppm, but with different relative intensities. The peaks were assigned to Si at T c (4Al), T d (1Si,3Al) and T d (2Si,2Al), respectively. Their relative intensities for armenite from Wasenalp, Switzerland (close to 1 : 4 : 4) were consistent with those expected for an ordered Al/Si distribution, whereas those for armenite from Rémigny, Canada (6, 59 and 35%, respectively) could not be accounted for by a convincing structural model (i.e. ordered or disordered) with a stoichiometric Al/Si ratio of 6/9. Our 29 Si MAS and 1 H- 29 Si CPMAS NMR spectra for armenite from Wasenalp generally resemble the 29 Si MAS spectra reported by Armbruster (1999) , but with two notable differences. First, two peaks at À81.9 and À83.2 ppm with approximately equal intensities, rather than one at À82.5 ppm, are observed in our spectra. They may be assigned to the two crystallographically distinct T c (4Al)Si sites. The other two peaks at À94.9 and À101.8 ppm, assigned to Si at the T d (1Si,3Al) and T d (2Si,2Al) sites, respectively, are significantly broader and clearly asymmetric, suggesting the convolution of more than one peak each. This is consistent with the presence of multiple T d (Si,3Al) and T d (2Si,2Al) Si sites in an ordered armenite structure, as determined from the neutron results, although the relative NMR resonance intensities do not agree exactly with those given by diffraction. The larger chemical shift separation of 12 to 13 ppm between the peaks assigned to the T c (4 Al) and T d (1 Si,3 Al) sites, compared to that of $6 ppm between the peaks related to the ). This is because the 29 Si chemical shift values of NMR peaks in the case of framework aluminosilicates is a function of both the distribution of next nearest Al/Si neighbors (nAl, (4-n)Si) and the mean Si--O--T angle (Ramdas and Klinowski, 1984) . The better resolved peaks in the spectra of this study compared to those given in Armbruster (1999) can be largely explained if the peak widths of the latter contain significant contributions from 1 H--
29
Si and 27 Al--
Si residual dipolar and scalar J couplings. The higher spinning rate used in this study (20 kHz vs. 2.77 kHz in Armbruster (1999) ) eliminates more effectively peak broadening due to residual dipolar couplings. In addition, the higher resonance frequency used in this study (79.5 MHz vs. 59.6 MHz in Armbruster (1999) ) results in larger peak separation (in Hz) for a given chemical shift difference.
Another observable difference lies in the relative intensities of the NMR peaks. Our 29 Si MAS NMR spectra with peak intensities of 9(1)%, 61(1)% and 30(1)% for the peaks at À81.9 and À83.2 ppm together, À94.9 ppm, and À101.8 ppm, respectively, are, rather curiously, more similar to those obtained by Armbruster (1999) on an armenite from Rémigny rather than that from Wasenalp. As discussed by Armbruster (1999) for the case of armenite from Rémigny, the occurrence of three (groups of) peaks for the T c (4 Al), T d (1 Si,3 Al) and T d (2 Si,2 Al) sites is consistent with an ordered Si/Al distribution. However, the relative peak intensities are inconsistent with that expected for a fully ordered structure of stoichiometric composition that should give intensity ratios of 1 : 4 : 4. Our spectrum cannot be readily interpreted by a model involving simple Al/Si disordering either, because this should lead to the presence of additional peaks for T d (3 Si,1 Al) and T d (4 Al) that should be observed on either side of the À94.9 and À101.8 ppm peaks and having a similar chemical shift spacing of $6 ppm, analogous to that reported for Al/Si disordering in cordierite (Putnis et al., 1985) . This is not observed.
In summary, the observed peaks in the 29 Si MAS and 1 H-- 29 Si CP MAS NMR spectra can be assigned to Si sites in an armenite structure with an ordered Al/Si distribution, but their relative intensities deviate from those expected for a completely ordered arrangement. More work is required to resolve this issue. (Armbruster, 1999) , which can now be partly reinterpreted. We note, however, that because the OH stretching modes are so intense and off scale, a complete and precise interpretation of the spectra is not possible (the platelets of 0.038 and 0.050 mm thickness were too thick). In spite of this limitation, the single-crystal spectra show that the strongest OH-stretching mode absorbance occurs when the electric vector is perpendicular to [001] . This indicates that the stretching motion (i.e., change in the dipole moment) is also largely perpendicular to this direction, agreeing with the neutron diffraction results (Fig. 8) . There is also some absorption parallel to the [001], though less, because the stretching motion has a certain component in this direction. This reanalysis resolves discrepancies between the polarization behavior, H 2 O orientation and OH mode results in Armbruster (1999) . The exact number of OH stretching modes and their wavenumbers in the singlecrystal spectra are difficult to determine because of the very intense absorbance that is off scale. The "band" centered at about 3500 cm À1 in the spectrum with the electric vector perpendicular to [001] has a very large width in its lower part approaching 500 cm
À1
, thus prohibiting individual OH mode determination. As a result, for example, the reported "strong" OH mode in the single-crystal spectrum at 3620 cm À1 (perpendicular to [001]) corresponds to the very weak mode at roughly 3600 cm À1 in the powder spectra.
The powder spectra can be used to investigate the number and energy of the OH modes. With four crystallographically indendent H 2 O molecules (excluding that at the CC site), as given by the diffraction results, eight OH stretching modes and four H 2 O bending modes should, in the ideal case, be expected. However, only four main stretching and two bending modes are observed at low temperatures ( Fig. 1) and, thus, would seem to indicate the presence of two H 2 O molecules. The reason for this discepancy between the diffraction and IR results is not exactly clear (see discussion of the 1 H NMR spectra below in this regard). Perhaps mode coupling could considered, but the relatively narrow widths of the individual OH bands argue against this. Mode coupling has also not been noted before in the IR spectra of other microporous Ca-bearing silicates (Kolesov and Geiger, 2006; Geiger, 2012) . H Á Á Á O bond lengths should, in theory, provide the most reliable means of assigning the individual OH modes, whereby the longer (weaker) the H bond, the higher the wavenumber of the associated OH mode (Novak, 1974; Jeffrey, 1997) . The neutron diffraction data show that each crystallographically independent H 2 O molecule has one shorter and one longer H Á Á Á O bond (Table 4) . However, because the longer and shorter H Á Á Á O bond lengths for a given H 2 O molecule are the same within error (Table 4) , this relationship cannot be used. Possibly the Ca atom "splitting" behavior discussed above and difficulties in describing the H atoms fully using the neutron data, along with the TEM findings of Armbruster and Czank (1992) , indicate that subtle interactions may be affecting the behavior of the Ca cations and H 2 O molecules. This could account for the difficulty in interpreting the spectra completely.
In terms of the weaker H 2 O/OH modes, the mode at 3261 cm À1 is considered to be a double overtone of n 2 probably enhanced through Fermi resonance. The weak bands at 3625 cm À1 and 3547 cm
, which are observed at the lowest temperatures, are considered to be OH stretching modes of H 2 O molecules located in the double rings of armenite. The wavenumbers of both indicate weak H bonding with the mode at 3625 cm À1 representing the weaker-bonded OH group of the two. The weak H-bonding is consistent with the long distances between the CC site and surrounding O atoms in the double rings.
1 H NMR spectroscopy -H 2 O molecule types and hydrogen bonding
The "Pake doublet" powder pattern exhibited by the main component of the 1 H static spectra (Fig. 2c) is characteristic of a rigid H 2 O molecule, similar to those observed for other water-bearing minerals such as natrolite (Belitsky et al., 1992) and analcime . From Ca cation that is bonded to two H 2 O molecules and four framework oxygen atoms, shows a higher average OH wavenumber of approximately 3475 cm À1 at 10 K (Geiger, unpublished) . Epistilbite, ideally CaAl 2 Si 6 O 16 Á 5 H 2 O, has two crystallographically independent Ca atoms in its pores. Both are coordinated by three framework oxygens and five H 2 O molecules in square antiprisms with one common shared face (Alberti et al., 1985) . Epistilbite shows a complex IR spectrum in the OH stretching region with a relatively large number number of OH bands. Their average OH wavenumber is roughly 3500 cm À1 at 10 K (Geiger, unpublished) . From these observations it appears that wairakite and epistilbite have weaker H-bonding networks in their pores than is the case in armenite and scolecite.
All these microporous silicates can be characterized as having moderate to weak H bonds following the classification of Jeffrey (1997 - Table 2 .1), who defines three groups of strong, moderate and weak H bonds for a large variety of phases. In this respect, these microporous minerals are not greatly dissimilar to the large class of inorganic crystal hydrates (Lutz, 1988) , although the latter do not necessarily have H 2 O molecules in pores. Hydrogen bonding in crystal hydrates can, though, be stronger than that in most microporous silicates, because their OH mode wavenumbers range from 3000 to 3600 cm À1 (Lutz, 1988) . H bonding appears to be slightly weaker in microporous silicates, in general, than in crystal hydrates, but further work is needed to test this proposal fully and to put it on a more quantitative basis.
Furthermore, the average OH stretching wavenumbers taken from the IR spectra of armenite and scolecite are not far removed from that observed in liquid H 2 O, a substance with moderate-strength hydrogen bonding (Jeffrey, 1997) , which has a broad absorption band centered at about 3400 cm À1 (Eisenberg and Kauzmann, 1969) . Armenite, scolecite, wairakite and epistilbite have average OH wavenumber values greater than those shown by the various polymorphs of ice that lie between 3220 and 3250 cm À1 (Eisenberg and Kauzmann, op cit.) . This indicates weaker H bonding in them compared to that in ice. The narrower IR-active H 2 O/OH stretching bands in armenite, scolecite, wairakite and epistilbite clearly differentiate the state of their H 2 O molecules from that in both liquid water and ice with their broad OH/H 2 O band envelopes. Narrow OHstretching modes reflect a more-ordered H-bonding state of the H 2 O molecules in their pores and a respective lack of intermolecular OH mode coupling, both of which give rise to the broad OH-band stretching envelopes in the IR spectrum of liquid water and ice.
What is poorly understood in the microporous silicates is how the ion-dipole interaction affects quantitatively Hbonding strength or vice versa in a Ca-oxygen-anion-H 2 Omolecule quasi-cluster (the so-called "synergetic effect" of Lutz, 1988) . Increasing cation charge weakens the intramolecular OH bond and increases the strength of H bonding, because the protons become more deshielded. Further study on H 2 O-bearing microporous phases is needed to quantify this aspect. Establishing a systematic collection of H-bond strengths for a large number of microporous silicates would be helpful in this regard. Study of the nature of the delicate intra cation-H 2 O-molecule bonds and inter extra-framework-quasi-cluster-framework interactions in microporous minerals is still in its infancy. Study of the relationships between Ca--H 2 O-molecule clusters in solution and Ca-oxygen-anion-H 2 O-molecule quasi-clusters in microporous silicates also needs attention.
